sperm entry appears to define the posterior pole of the C. elegans embryo. After fertilization, the proteins PAR-1 and PAR-2 localize to the posterior cortex of the embryo (Guo and Kemphues, 1995; Boyd et al., 1996) and PAR-3, PKC-3, and PAR-6 localize to the anterior cortex clearly is linked to blastomere differences, the nature proteins forms shortly after fertilization of the C. eleof this linkage has remained mysterious. Some PAR gans egg. This network is required for subsequent proteins contain structural domains that are found in asymmetries in the expression patterns of several prodiverse cell signaling molecules; PAR-1 and PKC-3, for teins that are encoded by nonlocalized, maternally exexample, both have putative kinase domains (Guo and pressed mRNAs. We provide evidence that two nearly 
embryonic lethal mutants, only par-1 mutants were found to completely abolish PIE-1 asymmetry (Tenenhaus et al., 1998). Although there are several possible explanations for these results, they are consistent with the view that there may be only a few factors that link PAR asymmetry to protein localization. In the present study, we provide evidence that two closely related proteins, MEX-5 and MEX-6, are part of this linkage.
Results
The posterior protein SKN-1 is a transcription factor required for the development of muscles in the pharynx, among other cell types. Mutations in any of several par genes, or in a gene called mex-1, result in misexpression of SKN-1 in anterior blastomeres; such mutants have abnormally large numbers of muscles (see Bowerman and Shelton, 1999). We performed a genetic screen for maternal effect lethal mutants with this muscle excess (mex) phenotype (see Experimental Procedures). In ad- priately (14/14 cases). In contrast, the anterior blastomere from wild-type embryos, or from skn-1(zu67);mex-1998). Therefore, protein asymmetry must result from 5(zu199) embryos, did not produce muscles in similar protein movement, or from differences in either protein experiments (0/11 and 0/20, respectively). Consistent stability or mRNA translation. There is suggestive eviwith these results, we found that 2-cell stage mex-5 dence that localization of the germline proteins PIE-1, embryos misexpress the posterior transcription factor MEX-1, and POS-1 may, at least in part, involve protein SKN-1 at high levels in the anterior blastomere ( We cloned the mex-5 gene as described in Experimental Procedures. In brief, mex-5(zu199) maps to a region on is expressed exclusively in anterior blastomeres. Deletion of a small region within the 3ЈUTR results in ectopic chromosome V near the rescuing cosmid W02A2; RNAmediated inhibition of the predicted gene W02A2.7 expression in posterior blastomeres. These results suggest that posterior blastomeres contain a trans-acting causes wild-type adults to produce inviable embryos that are indistinguishable from mex-5 embryos; the inhibitor of translation. Thus, it is possible that PAR proteins could modify factors involved in either transla-W02A2.7 gene in mex-5(zu199) animals contains a nonsense mutation that would truncate the predicted protion or protein degradation.
A previous genetic screen to identify regulators of tein product ( Figure 3A) ; and a monoclonal antibody generated against a W02A2.7 fusion protein stains wild-GLP-1 localization yielded only alleles of known par genes, and a candidate for a new par gene (Crittenden type embryos (see below), but not mex-5(zu199) embryos. We henceforth name W02A2.7 the gene mex-5, et al., 1997). Similarly, in a survey of previously identified POS-1 each contain two finger domains but do not appear to have other similarity to MEX-5 ( Figure 3B ).
MEX-5 and MEX-6 Have Overlapping Functions
Database searches with the mex-5 sequence showed that the C. elegans genome contains a predicted gene sequence, AH6.5, that could encode a protein with very high similarity to MEX-5; we have named this protein MEX-6. MEX-6 is about 70% identical and 85% similar to MEX-5 in amino acid sequence ( Figure 3A) . The mex-6 and mex-5 genes contain similarly placed introns and share extensive nucleic acid identity in 5Ј and 3Ј untranslated regions and in intron sequences (data not shown). Thus, mex-5 and mex-6 are nearly identical genes that are likely to have arisen from a relatively recent gene duplication.
We used the technique of double-stranded RNA-mediated inhibition (RNAi) to assay potential functions of MEX-5 and MEX-6. When wild-type larvae were treated with mex-5 dsRNA, the resulting adults produced embryos (called mex-5(RNAi) embryos) that were inviable and appeared indistinguishable from mex-5(zu199) embryos by light microscopy (0% embryonic viability, n ϭ 83). In contrast, adults treated with mex-6 dsRNA produced viable embryos that hatched and grew into fertile adults (100% embryonic viability, n ϭ 277). We identified a deletion in the mex-6 gene by a PCR-based screening method (Jansen et al., 1997). The mex-6(pk440) allele ectopic PIE-1: between the 1-cell stage and the 44-cell that the germline proteins MEX-1 and POS-1 were expressed inappropriately in all blastomeres in mexstages, PIE-1 was distributed uniformly in all blastomeres ( Figure 4D ). We constructed and examined pie-5;mex-6 mutants ( Figures 4F and 4H , respectively). In wild-type embryos, cytoplasmic granules called P gran-1(RNAi);mex-5(RNAi);mex-6(RNAi) embryos and found that these embryos produced cell types that normally ules are segregated asymmetrically to each germline blastomere; in mex-5;mex-6 embryos, these granules require SKN-1(ϩ) function. For example, while mex-5(RNAi);mex-6(RNAi) embryos lack intestinal cells (0/24 were present in all blastomeres (data not shown). The transcription factor PAL-1 is a posterior, nuclear protein embryos), the pie-1(RNAi);mex-5(RNAi);mex-6(RNAi) embryos contained numerous intestinal cells (54/54 emin wild-type embryos ( Figure 4I ) but was present in all nuclei in mex-5;mex-6 embryos ( Figure 4J ). In wild-type bryos). Thus, PIE-1 is mislocalized in mex-5;mex-6 mutants and appears to repress the activity of SKN-1.
embryos, anterior expression of PAL-1 appears to be prevented, at least in part, by high levels of the MEX-3 We immunostained mex-5;mex-6 embryos to examine other proteins that, like SKN-1 and PIE-1, are asymmetriprotein in anterior blastomeres ( Figure 4K ; Draper et al., 1996; Hunter and Kenyon, 1996). We found that MEX-3 cally localized in wild-type embryos (Figure 4) . We found misexpressed in anterior blastomeres in mex-5;mex-6 mutants, and at least one anterior protein is not expressed.
We immunostained mex-5 and mex-6 embryos individually for each of the proteins that were misexpressed in the mex-5;mex-6 double mutant. Although PIE-1 and MEX-1 appeared to be localized normally in mex-6(pk440) and mex-6(RNAi) embryos (n ϭ 21 and 32, respectively), we found that about 58% (n ϭ 31) of the mex-5 embryos had low amounts of PIE-1 and MEX-1 mislocalized to some anterior blastomeres. Thus, mex-5 mutants appear to have a weakly penetrant defect in the localization of the germline proteins PIE-1 and MEX-1 that is greatly exacerbated if mex-6(ϩ) activity is removed.
MEX-5 and the Germline Proteins Have Reciprocal Localization Patterns
We generated a mouse monoclonal antibody (mAbCS1) against a full-length MEX-5 fusion protein. Wild-type and mex-6 embryos had identical patterns of mAbCS1 staining, but no staining was detected in mex-5 embryos. Since our genetic and RNAi experiments demonstrate that mex-6(ϩ) activity is present in mex-5 embryos, this result suggests that either mAbCS1 does not cross-react with MEX-6, or that the level of MEX-6 is too low to detect with this reagent. We therefore refer here to the staining pattern of mAbCS1 as MEX-5 localization. For convenience, we refer to differences in the intensity of immunostaining as MEX-5 levels, although we do not yet know whether staining levels are determined by protein abundance or antigen accessibility.
We first detected high levels of MEX-5 in the proximal arm of the gonad and in maturing oocytes; ooctyes and newly fertilized eggs have uniform levels of MEX-5 (data not shown). MEX-5 gradually becomes highly asymmetric during and after the 1-cell stage: MEX-5 is present at high levels at the anterior pole of late 1-cell embryos ( Figures 5A and 6A ), and after cell division MEX-5 remains high in the anterior blastomere ( Figure 5B ; white arrowhead). After the anterior blastomere divides (Figures 5D and 5E 5D and 5E , asterisks). After cell division, the anterior, but was not detectable in mex-5;mex-6 embryos ( Figure  4N ). In summary, germline and posterior proteins are somatic daughter has a high level of MEX-5, and the 
MEX-5, PIE-1, and PAR Proteins (A-C) A single, wild-type 1-cell embryo immunostained for (A) MEX-5 and (B) PIE-1; the merged image is shown in (C). (D-F) A single, wild-type 2-cell embryo at division immunostained for (D) MEX-5, and (E) PIE-1. The merged image is shown in (F). The germline blastomere (right of dotted line) is in anaphase, and arrows mark the axis of the spindle. PIE-1 is visible here in

The PAR proteins PAR-3, PKC-3, PAR-2 each apEctopic MEX-5 Can Inhibit the Expression of Germline Proteins peared to be distributed with normal a-p asymmetry in
par-1 and par-3 mutant embryos have low, uniform lev-1-cell stage mex-5;mex-6 mutants (Figures 7A and 7B ; els of the germline proteins PIE-1 and MEX-1, and high n ϭ 5-23 embryos). PAR function is required for the levels of MEX-5 (Figures 7E and 7F ; see also Tenenhaus normal, asymmetric positioning of the first cleavage furet al., 1998). We therefore asked whether the low levels row in wild-type embryos, creating an anterior blastoof germline protein resulted from mex-5(ϩ) and mexmere that is larger than the posterior blastomere (re-6(ϩ) activities. par-1(b274);mex-5(RNAi);mex-6(RNAi) viewed in Rose and Kemphues, 1998). We therefore and par-3(it71);mex-5(RNAi);mex-6(RNAi) embryos were compared the relative size of the anterior blastomere in constructed and immunostained for PIE-1 and MEX-1.
2-cell stage wild-type embryos with the anterior blasto-
We observed a large increase in the levels of PIE-1 and mere in mex-5;mex-6 embryos. The size of the anterior MEX-1 in both triple mutants compared to either par blastomere/total was 58.2 Ϯ 1.8% for wild-type embryos mutant (Figure 7, legend) . For example, while par-3(it71) and 58.2 Ϯ 1.5% for mex-5;mex-6 mutant embryos. Almutant embryos had low levels of PIE-1 and MEX-1 though these results indicate that MEX-5/MEX-6 are not ( Figures 7E and 7F, respectively) , the par-3(it71);mex-5 required at the 1-cell stage for either PAR asymmetry (RNAi);mex-6(RNAi) embryos had much higher levels of or for the PAR-dependent placement of the cleavage both proteins ( Figures 7G and 7H, respectively) . furrow, mex-5;mex-6 embryos show defects in PAR To test the possibility that high levels of MEX-5 might asymmetry and cell cleavage in the subsequent divibe sufficient to inhibit the expression of germline prosions of the germline blastomeres. For example, in some teins, we constructed a transgene to induce ectopic 2-cell stage mutant embryos PAR-2 was localized to an MEX-5 expression from a heat shock promoter. We used abnormally small zone at the posterior pole (data not mex-5(zu199);mex-6(RNAi);pie-1(RNAi) embryos to assay shown). By the 4-cell stage, almost all mex-5;mex-6 emactivity of the transgene; pie-1(ϩ) activity was removed bryos (13/14) showed some defects in PAR-2 localizato prevent PIE-1 from inhibiting transcription (Seydoux tion. Furthermore, 2-cell stage and later mex-5;mex-6 et al., 1996). We analyzed embryos in which induction embryos often had cleavage defects that were similar of the transgene should have occurred at or after the 2-cell stage (see Experimental Procedures); the resulting to those observed in some par mutants (Table 1) . proteins MEX-1, PIE-1, and POS-1: during the early cleavages, MEX-5 is present at high levels in all regions The mex-5;mex-6 embryos often show PAR-like cleavage defects after the 1-cell stage. It is possible of the embryo that contain the mRNAs for the germline proteins but that do not accumulate the germline prothat these later defects result from the misexpression of PAR, or non-PAR, proteins that regulate cell division.
teins. The mRNAs for the germline proteins are examples of class II maternally provided mRNAs (Seydoux In wild-type embryos, the asymmetrical network of PAR proteins re-forms during each cell cycle of the asymmetand Fire, 1994); these mRNAs are present in the oocyte and persist at high levels in each successive germline rically dividing germline blastomeres. PAR asymmetry in the germline lineage has not been studied as extenblastomere. When a germline blastomere divides, its somatic daughter and germline daughter inherit compasively as for the 1-cell stage and is complicated by the fact that the a-p axis of the germline blastomeres aprable levels of mRNA. However, after one or two additional cell cycles these mRNAs are degraded in the depears to invert during the third cell cycle (Schierenberg, 1987) . Nevertheless, these observations suggest that scendants of the somatic daughter. For example, mex-1 mRNA is present at high levels in the anterior, somatic some factor(s) that regulates PAR asymmetry is restricted to the germline blastomeres and thus may be blastomere of a 2-cell embryo but disappears rapidly from the daughters of the anterior blastomere during mislocalized in mex-5;mex-6 mutants. 
